One dimensional (1D) nanoarray structures with uniform shape and unidirectional alignment attract increasing attention as a functional unit in fabricating optoelectronic, electrochemical, and electromechanical devices with nanoscale dimensions. [1] [2] In particular, the nanorod arrays of tungsten oxides (WO x , x=1-3) are of great interest, due to their applications to several novel devices such as photoelectrochromic 'smart' windows, optical devices, gas/humidity sensors, photocatalysts, and others. 3-7 Among the tungsten oxide family, monoclinic W18O49 (WO2.72) demonstrates outstanding properties, inherent from its unusual defect structure. Although W 18 O 49 nanofiber and nanorod structures have been prepared by several methods such as chemical vapor deposition, solvothermal reaction, and others, 8-15 formation of the one dimensional array of W 18 O 49 nanorod still remains in challenge. Previously, Li et al. prepared W18O49 nanotube and nanowire array-like structures at around 1000 °C by chemical vapor deposition, 16 but there has been no other report ever since.
One dimensional (1D) nanoarray structures with uniform shape and unidirectional alignment attract increasing attention as a functional unit in fabricating optoelectronic, electrochemical, and electromechanical devices with nanoscale dimensions. [1] [2] In particular, the nanorod arrays of tungsten oxides (WO x , x=1-3) are of great interest, due to their applications to several novel devices such as photoelectrochromic 'smart' windows, optical devices, gas/humidity sensors, photocatalysts, and others. [3] [4] [5] [6] [7] Among the tungsten oxide family, monoclinic W18O49 (WO2.72) demonstrates outstanding properties, inherent from its unusual defect structure. Although W 18 O 49 nanofiber and nanorod structures have been prepared by several methods such as chemical vapor deposition, solvothermal reaction, and others, [8] [9] [10] [11] [12] [13] [14] [15] formation of the one dimensional array of W 18 O 49 nanorod still remains in challenge. Previously, Li et al. prepared W18O49 nanotube and nanowire array-like structures at around 1000 °C by chemical vapor deposition, 16 but there has been no other report ever since.
Porous anodic aluminum oxide (AAO) membrane has been frequently used as template for the formation of nanorod arrays. Among the various deposition techniques, the electrochemical deposition has been proven to be an efficient and low-cost technique for the formation of nanorod arrays in the nanochannels of the AAO templates. 17 Various metal and metal oxide nanorod arrays were fabricated by this method thus far, [18] [19] [20] [21] [22] but the formation of W 18 O 49 nanorod arrays have not been reported yet, due to the difficulty in the control of deposition reaction and crystallographic phase. Herein, we report a selective fabrication of one dimensional W 18 O 49 and WO 3 nanorod arrays by electrodeposition method using the AAO as template.
Experimental Section
Commercial AAO membrane (Whatman) with channel diameter of 100 nm and channel length of 60 µm was used as a template to fabricate the W18O49 and WO3 nanorod arrays. Thin layer of octadecyltetrachlorosilane (OTS) was coated on both sides of the AAO membrane by a micro-contact printing technique employing polydimethylsiloxane (PDMS) stamp. 23, 24 About 5 nm-thick Pt layer was then deposited on a side of OTS/AAO/OTS membrane by an Ion Sputter (Hitachi E-1030). The coated Pt was then used as the electrode for the deposition of tungsten oxide in the nanochannel of AAO by electrodeposition method.
A transparent peroxytungstic acid aqueous solution, used as the precursor solution for electrodeposition, was prepared by dissolving 2.00 g of tungsten powder (Aldrich, 99.9%) in 50 ml hydrogen peroxide (30% aqueous solution, Aldrich) solution. The excess H 2 O 2 was then converted to H 2 O with catalytic decomposition by the platinum foil inserted in the solution at room temperature. For the electrodeposition of tungsten oxide, the platinum foil was employed as counter electrode (CE), and the standard calomel electrode was used as reference electrode (RE), while the OTS/AAO/OTS/Pt was used as working electrode (WE). Prior to the electrodeposition, the prepared AAO template in the electrolyte solution was gently sonicated to remove air from the AAO nanochannels. After electrodeposition reaction under an application of -0.4 V for 2 hr, the obtained amorphous WO x -deposited OTS/AAO/ OTS/Pt membrane was washed thoroughly with ethanol in order to dissolve the OTS layer. The WO x -deposited AAO (WO x / AAO) membrane was then calcined at 500°C for 1 hr in a tube furnace under air or nitrogen atmosphere for selective control of the crystallographic phase of tungsten oxides. Finally, the AAO template was removed by 5 M HCl solution for 3 hr at room temperature.
The surface morphology of the as-prepared W 18 O 49 and WO 3 nanorod arrays was analyzed by a field emission scanning electron microscope (FE-SEM, Hitachi S-4300). X-ray diffraction (XRD) patterns were obtained by using a Rigaku Multiflex diffractometer with a monochromated high intensity Cu Kα radiation. The oxidation states for the W18O49 nanorod array, after removing AAO template, were analyzed by X-ray photoelectron spectroscopy (XPS). can take place. Therefore, -0.4 V was applied to the OTS/ AAO/OTS/Pt for the deposition of WO x species. It was observed that the amorphous WO x species was initially deposited on the Pt side of the OTS/AAO/OTS/Pt, and gradually filled the whole AAO nanochannels with elapse of time. The growth rate was about 30 µm/hr. After the electrodeposition process, the OTS layer was dissolved out by washing with ethanol several times. By the removal of OTS layer, the deposited Pt electrode and the over-deposited tungsten oxide species on the top of AAO membrane were removed simultaneously. As a result, pure WO x /AAO can be formed, as shown in Figure 1b . The AAO nanochannels were fully filled with the amorphous WOx, and the surface of the AAO membrane looked clean without any residual tungsten oxide species. The clean surface is caused by the introduction of OTS layer, since the highly hydrophobic OTS prevents the deposition of WO x species, and any deposited layer on the OTS can also be removed during the dissolution of the OTS layer.
Results and Discussion
For the selective formation of 1D W18O49 and WO3 nanorod array, the prepared amorphous WO x -deposited AAO samples were annealed at 500 o C for 1 hr under N 2 and air atmosphere, respectively. Finally the vertically grown nanorod arrays were obtained by dissolving the AAO template with 5 M HCl solution. As shown in Figure 2 , the XRD patterns reveal that the nanorod arrays heat-treated under N2 atmosphere consist of the typical monoclinic W 18 O 49 structure. The diffraction peaks (2θ) at 23.5°, 26.2°, 33.7°, and 48.0° were assigned as the (010), (104), (113), and (020) planes of the monoclinic W 18 O 49 , respectively, and no other impurity peaks were found. The XRD patterns also indicate that the nanorod array heat-treated under air is a highly crystallized WO3 structure. The diffraction peaks (2θ) at 23.1°, 23.6°, 24.4°, 26.6°, 28.9°, 33.3°, 34.2° and 36.2° were assigned as the (002), (020), (200), (120), (112), (022), (202) and (212) planes of the monoclinic WO 3 , respectively. Figure 3 , shows the prepared 1D W 18 O 49 and WO 3 nanorod arrays, after removal of AAO template and annealing at 500°C under N 2 and air, respectively. The average diameters of both the 1D W 18 O 49 and WO 3 nanorods were around 90-95 nm, which is slightly smaller than the AAO channel diameter of 100 nm, presumably due to shrinkage of the amorphous WO x during the heat-treatment at 500 o C.
The oxidation state of the W in the W18O49 nanorod arrays was determined by XPS analysis. As shown in Figure 4a and 4b, the peaks of W4f spectra positioned at 35.5 and 37.5 eV are assigned to the W in the W-O bond configuration, while a peak position at 530.5 eV is assigned to the oxygen. The W4f spectrum can be deconvoluted into the three doublets, as indicated in Figure 4a . The main doublet (denoted to "I" in Figure 4a ) consists of W4f 7/2 line at 35.71 eV and W4f 5/2 at 37.83 eV, which are typically observed for the W 6+ . 26 The sec- ond doublet (II) has a lower binding energy with W4f 7/2 line at 34.82 eV and W4f5/2 at 37.45 eV, corresponding to the W 5+ oxidation state. The third doublet (III) has a binding energy with W4f 7/2 line at 34.02 eV and a W4f 5/2 at 35.80 eV, corresponding to the W4 4+ oxidation state. [27] [28] [29] [30] [31] [32] These three oxidations states were the typical oxidation states found in W 18 O 49 . 32 In addition, the relative molar ratio of W and O, estimated from the peak areas shown Figure 4a and 4b, was 1:2.75, which is well matched with the relative composition in the W 18 O 49 . This suggests that the prepared tungsten oxide nanorod array annealed at 500 o C under N2 is a typical W18O49 structure. The obtained W 18 O 49 nanorod arrays show relatively good chemical stability. That is, there are no changes in color and chemical composition, after an air exposure at room temperature for several months or even after annealing at 200 o C in air. Thus the prepared W 18 O 49 nanorod arrays will have potential applications to sensors, photocatalysts, photo-, electro-, and gas-chromic devices, and others. 
